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ABSTRACT

The genomic landscape of head and neck squamous cell cancer and their
implication for treatment in NGS-based umbrella trial
Shinwon Hwang

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sangwoo Kim)

Head and neck squamous carcinoma (HNSCC) originate in the oral cavity,
pharynx, and larynx. Recurrent or metastatic HNSCC is associated with a poor prognosis,
and treatment options are limited, underscoring the need for enhanced therapeutic
strategies. In this study, we analyzed 419 patients with HNSCC enrolled into the
TRIUMPH study. Comprehensive analyses, including survival analysis, were conducted
to assess the overall genetic landscape, mutational signature patterns, copy number
variations (CNVs), and their correlation with patient outcomes. A subgroup analysis was
conducted specifically for patients with Human papillomavirus (HPV)-associated
oropharyngeal cancer and oral cavity cancer. Aligning with previous studies, our findings
confirm genetic aberrations in 7P53, CDKN2A, PIK3CA, FATI, and EGFR. We
identified multiple prognostic factors in patients undergoing targeted therapy. Mutations
in the AKT/mTOR pathway were associated with improved survival. Conversely,
NOTCHI mutations and MYC amplification correlated with poorer prognosis in patients
receiving PIK3CA-targeted therapies. Additionally, the prognosis of patients treated with
CDK 4/6 inhibitors appeared to be influenced by the type of CDKN2A4 gene mutation.
Subgroup analysis revealed variations in the genomic landscape based on primary tumor
sites, focusing on the relationship between CNVs, TP53 mutations, smoking status, and
age. In subgroup analyses, we focused on the differences in the genomic landscape based
on primary tumor sites. In HPV-related oropharyngeal cancer, a distinct exclusivity
pattern between TP53 and PIK3CA single nucleotide variants or insertions/deletions was

observed. HPV infection status was associated with a favorable prognosis in patients

v



treated with immunotherapy in the TRIUMPH trial. In oral cavity cancer, the presence
of smoking-induced mutations was less pronounced than in laryngeal carcinomas. Also,
most young patients with oral cavity cancer had 7P53 mutations, without significant
germline variants, smoking history, or HPV infection. These results highlight the clinical
importance of detailed genomic profiling in HNSCC, especially in the context of

recurrent or metastatic disease, and pinpoint potential targets for personalized therapy.

Key words: head and neck squamous cell cancer, genomic landscape



The genomic landscape of head and neck squamous cell cancer and their
implication for treatment in NGS-based umbrella trial

Shinwon Hwang

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sangwoo Kim)

I. INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) arise in the oral cavity,
pharynx, and larynx. HNSCC is the sixth most common cancer in the world and it is
influential to account for 5.7% of cancer mortality worldwide !. Despite advances in
treatment agents such as chemotherapy, immune checkpoint inhibitor, and targeted
therapy, patients with recurrent/metastatic HNSCC (R/M HNSCC) have poor survival
outcomes, with a median overall survival of around 1 year >. The combination of
pembrolizumab and chemotherapy or pembrolizumab monotherapy are primarily
considered as first-line therapy . The cetuximab combined with chemotherapy is
considered as an alternative treatment option for patients with R/M HNSCC when
immunotherapy is not suitable %, So far, cetuximab is the only approved targeted
therapy for R/M HNSCC patients, but even this has not been treated based on
biomarker.

The management of R/M HNSCC is challenging due to the aggressive nature
of the disease and limited treatment options. The comprehensive genetic profiling of
HNSCCs has been performed through several studies including The Cancer Genome
Atlas Network (TCGA) project 3. The key mutations identified in the TCGA dataset
include alterations in 7P53, CDKN2A, PIK3CA, NOTCHI, HRAS, and CASPS8 genes.
TP53 is the most frequently mutated gene in HNSCC, followed by CDKN2A, which is



associated with a poorer prognosis. Alterations in PIK3CA and NOTCH]I genes are
also common, and their presence has been linked to worse survival outcomes. HRAS
mutations are more frequently found in HPV-negative HNSCC, while CASPS§
mutations are more frequent in HPV-positive HNSCC. Our previous study on HNSCC
using next-generation sequencing (NGS) and RNA expression assay showed that TP53,
CDKN2A4, CCNDI, and PIK3CA were the most common mutated genes 4. We also
observed distinct gene expression patterns between HPV-positive and HPV-negative
HNSCC patients '4. Despite the comprehensive genetic profiling studies on HNSCC,
it remains unclear whether this genetic information can differentially and effectively
guide treatment decisions. There is still a need for further research to determine the
clinical significance and therapeutic implications of genomic profiling in HNSCC.

We conducted the TRIUMPH (Translational biomarker-driven umbrella
project for head and neck and esophageal squamous cell carcinoma) umbrella trial
consisting of five therapeutic arms by the Korean Cancer Study Group (KCSG)
(NCT03292250) (Fig. 1). This study was designed with a scheme allocating four
targeted therapies based on relevant pathway mutations according to the NGS results,
and immunotherapy was treated when no targetable mutation was found '°. In this
umbrella trial, we screened a total of 419 HNSCC patients, which are the largest
numbers reported to date.

Herein, we aim to comprehensively analyze the association between various
clinical characteristics and genetic alteration based on NGS data of the largest HNSCC
cohort to date. Additionally, we investigated the correlation between survival outcomes
and molecular pathway alterations, with the goal of reevaluating their therapeutic value.
We aim to identify a potential subpopulation that could be treated with targeted therapy
in a cohort combining NGS and clinical data of HNSCC patients through this study.
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Figure 1. Overall pipeline of TRIUMPH study.

II. MATERIALS AND METHODS

1. Sample and clinical data collection

We collected samples from patients who provided their consent to participate
in the TRIUMPH trial screening. The study was authorized by the Institutional Review
Board of 19 Korean institutions. The collection of tumor tissue and matched peripheral
blood as well as the collection of various clinicopathologic data, such as age, gender,
tumor location, use of cigarettes and alcohol, clinical stage, treatment history, and

survival data, were all done.
2. Targeted Sequencing, RNA extraction, Inmunohistochemistry

Using the Qiagen QIAamp DNA FFPE Tissue Kit, genomic DNA was
extracted from formalin-fixed, paraffin-embedded (FFPE) samples in order to
sequence 244 genes associated with HNSCC as described in our earlier work (S2 Table)
14 Using the Agilent SureSelectXT Target Enrichment library production kit, the
genomic regions of these genes were isolated, and they were subsequently sequenced
on the Illumina HiSeq 2500 platform with a minimum depth of coverage of 1,000X.
Immunohistochemistry was used to determine the presence of HPV infection in the

samples utilizing p16 expression in the tumor cells.

3. Bioinformatics analysis

A. Data preprocessing and somatic and germline variant calling



The quality of the FASTQ files was assessed based on base quality, GC content,
and total base throughput. Trimming was carried out using fastq with several standards,
including poly G, length, complexity, and front tail '®. The Genome Analysis ToolKit
(GATK) Best Practices methodology was applied to find somatic and germline
variations. In the Genome Analysis Toolkit (GATK) v4.2.3.0, HaplotypeCaller was
used to call germline variations, while Mutect2 was used to call somatic variants with
the default settings !7. Hardfilter was used to perform variant filtration, and germline
variations that weren't called on typical samples were removed. Minor allele
frequencies higher than 0.001 were also used to remove out variations 'S. The
annotation of variants was carried out using vcf2maf v1.6.20, and the ENCODE
blacklist was used to filter blacklist genes. Deleterious variants were selected for

further analysis based on the annotation '°.

B. Copy number variant calling, Mutational signature analysis, Visualization,

Oncogenic pathway, and Microsatellite instability analysis

Copy number variants were analyzed by CNVkit with batch option 2°. By
using the CNVKit filter cn option to merge nearby values with the same called value,
the results were changed. Genes with a copy number greater than 4 were classified as
amplifying genes, whereas genes with 0 copies were classified as being deleted. Based
on the UCSC reference, gene annotations were made.

Maftools' decomposition of the nucleotide substitution matrix allowed for the
extraction of mutational signatures 2!. Elbow method was used to decide optimal
number of signatures. Extracted signatures were compared to built-in COSMIC
database. Further signature analysis was performed by SigProfilerExtractor and
SigProfilerAssignment 2>?*. Visualization including ‘Oncoprint’, ‘Heatmap’ and
‘Lollipop plots’ were drawn by R package ComplexHeatmap and maftools. Additional
graphs were visualized using R package ggplot2, ggsignif, ggradar, ggsci, gridtext, and

gridExtra 226, The oncogenic pathway was determined based on findings from



previous studies 27?8, Microsatellite instability (MSI) is confirmed using
MSIsensor, with a threshold of 3.5 distinguishing between microsatellite

instability (MSI) and microsatellite stable (MSS) statuses >+,
C. Nanostring assay and analysis

The nCounter Analysis System (Nanostring Technologies, Seattle, WA) was

used to screen for the expression of 55 immune-related genes. Counts were filtered by
using negative probe using the nSolver software ver. 4.0 to remove outliers. Geometric
mean of positive probe and housekeeping genes were used for normalizing data.
Volcano plots were drawn by the ggplot2 R package.
The annotation for each profile was provided by Nanostring company. T-cell function
genes include CD2, CD27, CD274, CD38, CD3E, CD3G, CD80, CD86, CD8A,
CTLA4, CXCL10, CXCLY, CXCRS5, IDOI, IFNG, IL18, IRF1, LAG3, LCK, and TIGIT.
Chemokine genes include CCLS5, CX3CRI, CXCL10, CXCL13, CXCLY, CXCRS5,
CXCRG, IL2RG, IRF1, and STATI.

D. Statistical method

Statistical analysis was performed on R (ver 4.0.2). In order to analyze
categorical variables, Fisher’s exact test or Chi-square test will be used, and continuous
variable was analyzed by t-test, Wilcoxon rank sum test or Kruskal Wallis test.

Multiple testing correction was used by p.adjust function with Bonferroni correction.
E. Survival analysis

Survival analysis was conducted using the "survival" R package, employing
the Kaplan-Meier method, log-rank test, and cox regression analysis. To ensure
reliability, only data from the umbrella trial were utilized for the survival analysis. For
additional PI3-kinase mutation analysis, only patients with PIK3CA SNV/indel or

amplification were selected for the analysis.

4. Ethical statement



This study was conducted with the approval of the Institutional Review Board
of 19 institutions in Korea. All patients provided written informed consent for genomic

testing used in this study.

III. RESULTS

1. Patients’ clinical characteristics

Genomic and clinical information of 419 patients from the TRIUMPH trial
was used in this study after prescreening. The baseline characteristic of patients is
summarized on Table 1. Among the 419 patients, 276 (70%) had a history of smoking.
The median age was 61 years, and most patients (88%, 51/419) were male. The
primary tumor sites included oral cavity (n=145, 35%), hypopharynx (n=82, 20%),
oropharynx (n=78, 19%) and larynx (n=75, 18%). HPV status was tested for 175
patients, 62 of whom (29%) were positive. The majority of the HPV-positive HNSCC
was oropharyngeal cancer (43/62, 69%).



Table 1. Baseline characteristics of 419 patients prescreened in the TRIUMPH trial.

. Overa Oral Hypo Orop Laryn Maxil Nasal
Variable level i i i
1l cavity pharynx harynx X lary sinus cavity
No. 419 145 82 78 75 23 16
A 60.9 57.7 64.3 60.5 64.9 58.7 57.8
£e (11.3) (13.5) 9.7) (8.3) 8.1 (10.3) (13.7)
Gend F 64 46 5(6.2 5(6.6) 1(1.4) 4(17.4) 3
ender (15.5) (31.9) ©2 : . ar (18.8)
M 350 98 76 71 73 19 13
(84.5) (68.1) (93.8) (93.4) (98.6) (82.6) (81.2)
St 1 28(7.8 13 1(1.3 5(7.4 7(12.7 0(0.0 2
age (7.8) (10.1) (1.3) (7.4) (12.7) 0.0) (182)
2 23 (6.4) 9(7.0) 6 (8.0) 4(5.9) 3(5.5) 0(0.0) 19.1)
53 20 8 14 3
3 5(9.1) 3 (14.3)
(14.8) (15.5) (10.7) (20.6) (27.3)
4A 222 77 48 38 37 18 4
(61.8) (59.7) (64.0) (55.9) (67.3) (85.7) (36.4)
4B 12(3.3) 5(3.9) 6 (8.0) 0(0.0) 0 (0.0) 0 (0.0) 1(9.1)
4C 21 (5.8) 5(3.9) 6 (8.0) 7(10.3) 3(5.5) 0(0.0) 0(0.0)
Smoking Current 66 23 20 12 2
8(10.7) 1(4.3)
status smoker (15.8) (15.9) (24.4) (15.4) (12.5)
Former 210 63 39 50 44 9(30.1) 5
smoker (50.1) (43.4) (47.6) (64.1) (58.7) : (31.2)
Never 119 51 20 13 17 11 7
smoker (28.4) (35.2) (24.4) (16.7) (2.7 (47.8) (43.8)
HPV
. . . 62 10 43
infection Positive 4(4.9) 5(6.7) 0(0.0) 0(0.0)
(14.8) (6.9) (55.1)
status
. 150 58 39 16 25 5
Negative 7(30.4)
(35.8) (40.0) (47.6) (20.5) (33.3) (31.2)
Not 207 77 39 19 45 16 11
available (49.4) (53.1) (47.6) (24.4) (60.0) (69.6) (68.8)

Numbers are No. (%) unless otherwise noted




2. Genomic and transcriptomic landscape of HNSCC

We analyzed the overall patterns of somatic mutations in HNSCC including
somatic single nucleotide variants (SNVs), insertion/deletions (indels), and
amplifications (Fig. 2A). The most frequently mutated genes were consistent with
previous studies '3!3, including TP53 (71%, 296/419), CDKN24 (27%, 112/419),
PIK3CA (26%, 110/419), FATI (23%, 95/419), and EGFR (16%, 69/419). We also
noted recurrent mutations on hotspot sites, such as gain-of-function mutations in
PIK3CA (p.E545K/A/G, p.E542K, and p.H1047R/L), and truncating mutations in
CDKN2A (p.R80*, p.W110*, and p.X51_splice) (Fig. 3) **.

Somatic copy number variations (CNVs) were frequently found in CDKN2A4
(10%), PIK3CA (15%), EGFR (13%), FGFRI (6%), ATR (6%), and CCND1 (25%)
(Fig. 8). In CDKN24, almost CNVs were deletions, confirming its tumor suppressive
role along with the truncating mutations. Other genes were mostly amplified.
Transcriptomic analysis further revealed the effect of CNVs on the gene expression.
We found clear correlation between the copy number gain and the increase expression
in EGFR (p=2.20%10-16), ERBB2 (p=2.63x10-9), and PIK3CA (p=0.0011) (Fig. 4A),
except FGFR1. Overall, the increase was highest in EGFR (Fig. 4B). Indeed, EGFR
amplification was associated with reduced survival compared to PIK3CA
amplification (Fig. 4C and 4D). These results indicate that the use of copy number
changes as a marker for targeted therapy might need further recalibrated by their
impact on gene expression >,

Mutational signature analysis identified four major signatures from the somatic
mutations of HNSCC (Fig. 1B and 1C; see Methods). We found that four signatures
matched to known COSMIC signatures with prosed etiology: SBS1 (spontaneous or
enzymatic deamination of 5-cytosine), SBS2 (APOBEC Cytidine Deaminase), SBS15
(Defective DNA mismatch repair) and SBS31 (Prior chemotherapy treatment with
platinum drugs). Notably, SBS15 has been known to be a surrogate marker for

mismatch repair deficiency, activating cytotoxic T cells and alerting the immune



system %37, Likewise, SBS31 has been associated with chemotherapy resistance >®.

Along with genetic aberrations, presentation of such signatures can be a marker for

treatment, and a guide to personalized treatment approaches in HNSCC.
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Figure 2. Overall genomic landscape and mutational signature of HNSCC.

(A) Overall mutational pattern thorough oncoprint with top 20 mutated genes. (B) Mutational signature analysis
using De novo extraction of somatic mutations by non-negative matrix factorization. Extracted signatures were
compared on full table of cosine similarities against COSMIC signatures. (C) The best match signatures were

shown on plot.
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Figure 3. Gene amplification, transcriptomic patterns, and relevant clinical characteristics.

(A) The normalized expression difference according to gene amplification status. (B) The number of patients who show
2-fold increases expression compared to normal. Kaplan-Meier survival curves according to EGFR amplification (C) and
PIK3CA amplification (D).
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3. Genetic association with clinical outcome

Associations between genomic features and the clinical outcome were
investigated from the treatment and responses”. In total of 179 patients (out of 419)
were assigned to four different treatment arms based on the exhibiting genetic
mutations and the eligibility criteria: PI3KCA inhibitor arm (Alpelisib, n=43),
EGFR/HER?2 inhibitor arm (Poziotinib, n=17), FGFR inhibitor arm (Nintedanib,
n=10), and CDK4/6 inhibitor arm (Abemaciclib, n=33) (Fig. 5 and Fig. 1). The other
patients without eminent mutations were assigned to the immunotherapy arm
(Duvalumab +/— Tremelimumab, n=76). Statistical analysis without group-level
stratification identified TP53 and NOTCHI1 as general indicators for a poor prognosis
(multivariate Cox regression p=0.0046 and 0.0072 in 7P53 and NOTCHI,
respectively), but not CDKN2A4 (p=0.27) (Table 2).

Most of the patients in the total cohort had mutations or copy number changes
in the PI3K signaling pathway genes (PIK3CA, PIK3CB, PIK3C2A4, PIK3C3, PIK3CD,
or PIK3RI) (34.8%, n=146/419). Among them, PIK3CA is the mostly frequently
mutated (75%, n=110/146) in three hotspot sites: ES45K/A/G (20.0%, 22/110), E542K
(14.5%, 16/110), and H1047R/L (6.4%, 7/110). The position of which had no
difference on the clinical outcome in PIK3CA inhibitor arm (Fisher’s exact test, p=1,
Fig. 5B). Likewise, mutation type (SNV/indel vs amplification) (Fig. 5C) or presence
of concurrent mutations (P/K3CA only vs. PIK3CA + accompanying mutations) (Fig.
2D) did not show associations of statistical significance. Conversely, mutations in the
AKT-mTOR pathway were associated with improved prognosis (Fig. SE). Moreover,
we found that NOTCHI mutation (p=0.0037, log-rank test) (Fig. 5F) and MYC
amplification (p=0.0016, log-rank test) (Fig. 5G) were associated with a poor
prognosis. These findings suggest that potential genetic markers for patient survival in
response to PIK3CA inhibitors, may reside outside of the PI3K signaling pathway:.

In the EGFR/HER2 pathway, mutations in EGFR (58%), ERBB2 (11%),
ERBB3 (6%) and ERBB4 (18%) were most frequently observed (Fig. SH). However,
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no specific genetic factors were found to be associated with clinical outcome,
including the presence of EGFR mutation in EGFR/HER?2 inhibitor arm (amplification
and SNV/indel) (p=0.15, Fig. SI). Likewise, none of the genetic mutations within
FGFR pathway, including FGFRI (53%), FGFR2 (14%), FGFR2 (16%), and FGFR4
(4%) showed association with patient survival in FGFR inhibitor arm (Fig. 5J and 5K).
These findings may be attributed to the limited number of cases analyzed.

In the cell cycle pathway, CDKN2A4 (60%) and CCDNI (55%) were the mostly
frequently mutated (Fig. SL). Among them, we found a notable association pattern of
CDKN2A mutation with patient survival, which leads to opposite prognosis depending
on the mutation types; CDKN24 deletions were associated with a favorable prognosis
(p=0.013, log-rank test), whereas SNVs/indels were linked to a poor prognosis in
patients treated with CDK4/6 inhibitor (p=0.049, log-rank test) (Fig. 5SM and 5N). On
the other hand, CCNDI amplification did not show a significant relationship with
survival (Fig. SO). Furthermore, mutations in other signaling pathways, including
PI3K, EGFR, and FGFR pathway, were not associated with patient prognosis (Fig. 5P,
5Q, and SR). These findings highlight the complexities in mutation impacts on
prognosis, emphasizing the importance of assessing not only the presence but also the

type of mutations in developing effective prognostic markers.
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Table 2. Hazard ratio (HR) for overall survival based on genetic alteration by Cox regression
analysis of patients treated in TRIUMPH trial.

Univariate Multivariate
Presence of genetic N (%
alteration (%) HR (Confidence = HR (Confidence
Intervals) Intervals)
TP53 No  63(35.2) - -
2.19 (1.38-3.46), 2.02 (1.24-3.28),
Yes 116 (64.8) 5=0.001 50,005
NOTCH1 No 156 (87.2) - -
2.29 (1.23-4.29), 2.38 (1.26-4.48),
Yes  23(128 p=0.009 p=0.007
CDKN2A No  133(74.3) - -
Yes 4657y 171(106:276) 1.33 (0.80-2.20),

p=0.027

p=0.271

13



A PI3-kinase pathway in total cohort Ateration
PR TRRTRN POPRRRRRpr T . PR | TR Nonsense_Mutation
i Wissanse_Mutation
TRiuppy _ — Amplification
- — Frame_Shift_Ins
e 4 B o A A rr Mmoo
TPIK3C2A| T % | ‘Splice_Site
Z PIK3c3 % 1 Deletion
T PIKICD e 1 Frame_Shift_Del
S pikar| P Translation_Start_Site
8 Pikarz In_Frame_ins
g pran: i L R itonion
& PTEN i W 1 Mub_hit
2 HPV
worcr REIBE Bt [t poune
. . R " " Mnegative
Targeting PI3-kinase pathway (Alpelisib) in TRIUMPH trial Site
B Bestowratresponse . D E F G M Hypopharynx
Lisinsaulp 1o 1o oo 1o M Larync
M Lip or oral cavity
B Maxillary sinus
o7 ore or o7 o7y Nasal cavity
%K z z [ Oropharynx
£ H b TRIUMPH
H 050 ool Eosf ool v NoTCH1 st 050 Wves
H g K No
H H
. Picica syl § i more P2 s H
B ERTR r PRP m—— % peoos o Mooy °]
Vit AKTATOR sty ot
o0 oo oo oo o] Nwanwnre
T T (o B ety Cime oy e ey
H . I
EGFR pathway in total cohort
B ‘ A
£ ecrR[TI a8 CRRIE T I T Wit PR ot
T erenzf]l[]] e T
o ERes3|
U ERBB4| | | i
8 mer 111 11
Pocrrall [[1] il [T
p—
Time (mont)
J . Ko
FGFR pathway in total cohort
} “ el i i~ H 2 Wihout FOFR mut
d sit §
g 3
2 ForR | | Eosol
£ rom i
& FOFR3 3
& FoFRa) ozl oy
o wr Win FGR mut
IGFIR|
oo
Cell Time (move)
i IS HPy
sie
[ TRIUMPH
| FJ I O T T ]‘H H oo
1%
: i I il .
oo AT i i -
g CONDIH | BRI I Gl
8 conz [T M o
5 conoa [T AT RRRRRRTRRREEE R RRTRRRTERRRREERT RSO
© cone[[[IITITIITTITTIIITIITICTCCCICCCCCT T
Targeting cell cycle pathway (Abemaciclib) in TRIUMPH trial
M o R
109 109 109 109 109 109
Wi R0 gl
074 079 o7 073 o7 o)
2 z z Vit GonOr anp z z z
£ £ Wihou CORNA SNVl 5 H H H
g H H H P pamayma 3 ok RAS-RA vy ot
Soe Eos Sos Eos Loc s sermpanm s £05)
H 3 3 2 2 2
H H H H H H
%029 023 025 023 024 02
Vit CONOY amp [ — Ve 7R patvey it
p=0013 p=054 p=04 =067
oo i co0A Gl oed winconon s 000 ol o0 o0 vt s sy ot
T % w® R T % W ® R T T w® T W w
Time (monifs) Time (monihs) Time (monihs) Time (months) Time (monihs) Time (monihs)

Figure 5 Potential therapeutic targeted pathways and genetic association with clinical outcome.

The mutational patterns of potential therapeutic targeted pathways include (A) the PI3K pathway, (H) the EGFR pathway, (J) the FGFR
pathway, and (L) the Cell Cycle pathway. (B) The best overall response of Alpelisib based on PIK3CA mutation types. (C) Kaplan-Meier
survival curves of patients with PIK3CA4 SNV/indel versus patients with PIK3CA amplification, in patients treated with Alpelisib. (D) Kaplan-
Meier survival curves of patients with PIK3CA4 mutations with or without concurrent mutations on the PI3K pathway, in patients treated with
Alpelisib. (E) Kaplan-Meier survival curves comparing patients with mutations in the AKT/mTOR pathway to those without, treated with
Alpelisib. (F) Kaplan-Meier survival curves comparing patients with NOTCH 1 mutations to those without, treated with Alpelisib. (G) Kaplan-
Meier survival curves comparing patients with MYC mutations to those without, treated with Alpelisib. (I) Kaplan-Meier survival curves
comparing patients with EGFR mutations to those without, treated with Poziotinib. (K) Kaplan-Meier survival curves comparing patients with
FGFR mutations to those without, treated with Nintedanib. (M) Kaplan-Meier survival curves comparing patients with CDKN24 deletions to
patients without CDKN2A deletions, treated with Abemaciclib. (N) Kaplan-Meier survival curves comparing patients with CDKN24
SNV/indels to those without, treated with Abemaciclib. (O) Kaplan-Meier survival curves comparing patients with CCND/ copy number
alterations to those without, treated with Abemaciclib. (P) Kaplan-Meier survival curves comparing patients with mutations in the PI3K
pathway to those without, treated with Abemaciclib. (Q) Kaplan-Meier survival curves comparing patients with mutations in the EGFR
pathway to those without, treated with Abemaciclib. (R) Kaplan-Meier survival curves comparing patients with mutations in the RAS-RAF
pathway to those without, treated with Abemaciclib.
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4. Primary site associated genomic and transcriptomic characteristics

We conducted a deeper analysis on the genetic and transcriptomic features that
exhibit primary site specificity. Site-level genomic landscape showed lower TP53
mutation rate in oropharyngeal cancer (p=1.61x107, Fig. 6A and 6C), which is
believed to be influenced by higher HPV infection rate *°. Also, KMT2D, CASPS and
FBXW?7 show different frequencies according to primary sites. (p-value < 0.05 on
Fisher exact test with Bonferroni correction on 30 top genes). In our cohort, the
negative association between TP53 mutation and HPV infection was independently
confirmed (Fig. 8A). We also observed different CNV patterns among primary sites
(Fig. 7A and Fig. 7B). Amplification of key driver genes was most prevalently
observed in hypopharynx cancer (mean 26.8%) (Fig. 7B). In contrast, along with the
TP53 mutations, copy number variations showed different frequencies based on
primary sites, including CTTN, CCNDI, SOX2, SOX2-OT, KLHL6, KDMG6A, TP63,
PIK3CA, PRKCI, PAK3, EGFR, EGFR-ASI, CDKN24, ATR, EPH4, and SLC1249
(Fig. 6D).

The differential frequencies of CNVs among primary sites were generally
correlated with other variables, including HPV infection, 7P53 mutation status,
smoking experience, and age (Fig. 7C), suggesting the potential factors for CNV
burden. Higher CNV burden was shown in patients with 7P53 mutation (Fisher’s exact
p = 5.938x107, Fig. 7D), current/former smoker (p=0.0496, Fig. 7E), and age
(Univariate logistic regression p=5.44x107, Table 3). In contrast, no significance was
observed in HPV infection (Fisher’s exact test p=0.310, Fig. 8B). Unlike previous
reports °, there was no correlation between smoking status and 7P53 mutation (Fig.
8C), implying that TP53 mutation is an independent factor for higher CNVs. Indeed,
TP53 mutation and older age are the only significant factors in both Univariate (Table
3) and Multivariate logistic regression (Table 4), which explains the differential CNV

frequencies among primary sites.

15



Maxillary Nasal

A " Hypopharynx Larynx Oral cavity sinus ~ cavity Oropharynx
" '" 1]
T ([
W N I
| [ I O 1111 I
HHI S I N
(| I I I I
[ | ™
i1 m I B 1 e A il
Ll 11 L1 el
|| | 10%]
[ (11 i1l el
I 1 I | [ B
weaz ||| Il Il Il [ [l ol
ADGRY1 [Tl (| e 11 Y LY
arcel[JH] I | B | | | [ o A O Y
o T R | Y Y N LTI 1
mz ] [ (|1 A o O Y
oase | | (0 1/ I i | | ™1
eone | | ] [ [ | L I
oot | [ || [l [ | T
wurzo| 1| [ [ I Il [l Il ™1
E,...: 3 s [T, i [ —
crm
- | 1| N
Avert |- °Lm I [ 1 | [ i
soxz
SOX2-0T| |
KLHLE
rovsa 1N 1 AN | | il [ I 0 T |
e I | miml | I I (N (I |
romsc | | 1 I m | |
RN I ] TR
ARAF
MIR6895 | I || | | ]
eotd | 1 O I L | I
prcen | Il. 1] ||"l IIII lI[ I I| 1 II I-I
GATAT II | | FI | Ml [ h i 'II I[N
il | | n L | il
Ll | I | ] A I | (R B W
K3 r[ | || [ Il [ 1! Il 1IN
A1 AT TN | e
EGFR-AS1
we | I,I o gl (| (IR I|I

corza || (I | Il

|
FGFR1 |
NSD3

|
o | I
TRIO | 11 fll [

EPHB4
sLc1249

3L
st
L
x

&3
ggg
3

S O
8 g
S
g K

a [

3

Primary Site

M Hypopharynx [l Larynx [l Oral cavity [Jl] Oropharynx

Figure 6. The mutational pattern according to primary sites.
(A) Somatic mutations only (B) Copy number variants only (C) The ratio of somatic
mutation status according to primary sites, (D) the ratio of copy number variant status

according to primary sites.
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sites (D) The number of patients with CNV according to TP53 mutation status (E) The ratio
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Figure 8. The factors affected CNV status in HNSCC patients.

(A)The number of patients with TP53 mutation according to HPV infection status (B)The number
of patients with CNV according to smoking status (C)The number of patients with TP53 mutation
according to smoking status
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Table 3. Univariable logistic regression of CNV development

Characteristic Group N OR! 95% CI? p-value
Age 409 1.04 1.02, 1.06 <0.001
Smoking status Never smoking 119 - -
cumentiemer 76 157 1.01,245  0.046
TP53 No 124 - -
Yes 295 3.23 2.09, 5.03 <0.001
" OR = Odds Ratio, 2 CI = Confidence Interval
Table 4. Multivariable logistic regression of CNV development
Characteristic N OR! 95% CI? p-value
Age 409 1.04 1.02, 1.06 <0.001
Smoking status Never smoking 119 - -
CumenLiomer - 976 150 092,242  0.10
TP53 No 124 - -
Yes 295 3.25 2.05,5.21 <0.001

' OR = Odds Ratio, > CI = Confidence Interval

Notable site-specific transcriptomic features were mainly observed in genes
involved in T-cell function activity (Fig. 9A) with 7P53 mutation further contributed
to the decrease in anti-T cell activity (Fig. 9B). In consistent with previous studies, we
found that CCNDI amplification led to decreased T-cell function, even in 7P53
mutated patients ***!. In the clinical trial data, TP53 mutation was associated with
lower survival in immunotherapy treated patients (p=0.0064, log-rank test, Fig. 9C).
These results suggest that 7P53 mutation and CCND1 amplification may contribute to
T-cell function suppression in HNSCC, highlighting the potential of combining cell

cycle inhibitors with immunotherapy for HNSCC treatment.
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Figure 9. Immune profile of HNSCC.

(A) Geometric mean of T-cell function related cytokine according to primary sites. (B) Geometric
mean of T-cell function related cytokines according to molecular status. (C) Kaplan-Meier
progression free survival curves according to TP53 mutation status in patients who assigned to
immunotherapy.

5. Subgroup analysis on oropharyngeal cancer

HPV infection has been known as the primary factor in the classification in
oropharyngeal cancer **. Here, we analyzed genetic and clinical characteristics
between HPV positive and negative subgroups of oropharyngeal cancer. As previously
reported, 7P53 mutation rate was higher in HPV negative patients (11/16, 68.8%) than
in HPV positive (4/43, 9.3%) (Fig. 10A). Notably, we observed mutual exclusiveness
between TP53 and PIK3CA SNV/indel in HPV negative patients (Fisher exact test,
p=0.0018, Fig. 10B), confirming of the role of PIK3CA as driver in TP53-negative,
HPV-negative oropharyngeal cancer *****. In contrast, no such patterns were observed
in HPV positive patients (p=0.43, Fig. 10C).

Transcriptomic patterns were also associated with HPV infection status (Fig.
10D). We found upregulation of genes involved in immune process and chemokine in
HPV positive patients (Fig. 4D and 4E), including CEACAM1, IL2RG, BTNI1A2, CCLS5,
CXCLI10, CXCRS5, and CXCR6. Likewise, interferon-gamma (/FFNG) was up-regulated
in HPV positive patients (Fig. 11A), as previously reported 4**’. We found increase
expression of T-cell function genes and cytotoxic cytokines in HPV infected patients
(Fig. 11B-D), suggestive of favorable response to immunotherapy. Indeed, HPV

positive patients who were initially treated with immunotherapy in arm 5 showed
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prolonged survival outcomes compared with other targeted therapy in umbrella trial

(Fig. 10F, log-rank test, p-value =0.064).
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Figure 10. The characteristic of HPV-related HNSCC.
(A) Comparison of mutational pattern between HPV-positive and HPV-negative patients. (B) The
relationship between SNV/indel of PIK3CA and TPS53 in oropharyngeal HNSCC (C) The
relationship between SNV/indel of PIK3CA and TP53 in other cancer patients. (D) The volcano
plot representation of differential expression analysis between HPV positive and negative HNSCC
patients. (E) The geometric mean of chemokine expression between HPV positive and negative
HNSCC patients. (F) Kaplan-Meier survival curves of HPV positive and HPV negative HNSCC in
patients who were assigned immunotherapy at first.
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6. Revisiting association between smoking and oral cavity cancer

Smoking is a well-established carcinogenic factors of oral squamous cell
carcinoma50. However, our cohort displayed the highest ratio of nonsmokers among
patients with oral cavity cancer (Fig. 12A). To investigate the mutational signature
associated with smoking, we analyzed a dataset comprising 90 patients who underwent
both DNA and RNA sequencing as part of The Cancer Genome Atlas Program (TCGA).
We assigned combined signatures to our cohort and TCGA data. Notably, patients with oral
cavity cancer demonstrated a statistically significant lower prevalence of signature SBS4
compared to laryngeal cancer patients in the TRIUMPH cohort (Fisher exact test, p=0.042,
Fig. 12B). Moreover, oral cavity cancer patients in the TCGA cohort did not exhibit the
smoking-related mutational signature (p=0.00044, Fig. 12C). While this finding does not
suggest that tobacco is unconnected to the development of oral cavity cancer, the evidence
for smoking-induced mutations appears relatively less pronounced than in laryngeal cancer.
Additionally, these results could indicate possible interactions between smoking and other

factors, such as viral infections, in influencing cancer development.
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Figure 12. The various smoking features in oral cavity cancer.

(A) Ratio of smoking status depending on the primary sites. (B) The number of patients with
or without the smoking-related signature (SBS4) comparing laryngeal cancer and oral cavity
cancer in total cohort of TRIUMPH study. (C) The number of patients with or without the
smoking-related signature (SBS4) comparing laryngeal cancer and oral cavity cancer in TCGA.
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7. Genomic characteristics of young HNSCC patients

The etiology of young oral cavity cancer remains unclear51. We investigated the
clinical and genomic characteristics of young (age < 40 years) HNSCC patients who
participated in the trial. Of the 21 patients studied, 16 (76%) were diagnosed with oral
cavity cancer. The prevalence of 7P53 mutation in young patients (11/16, 69%) was
comparable to that of in the older oral cavity cancer group (101/129, 78%) (Fisher exact
test, p=0.28, Fig. 13A and 13C). Additionally, there was no significant difference in the
smoking history between the young (6/14, 43%) and older (78/121, 64%) groups; in fact,
the younger group included a higher proportion of nonsmokers than the older group (Fisher
exact test, p=0.15, Fig. 13D). None of the patients exhibited notable recurrent germline
variants (Fig. 13B), denying the presence of congenital genetic factors in susceptibility.
Also, all patients who underwent HPV testing were negative (6 out of 6, Fig. 13E).
Although the mismatch repair (MMR) signature (SBS15 and SBS44) was observed in the
signature analysis, no significant differences were found in microsatellite instability (MSI)
between the age groups (p=0.52, Fig. 13F). This comprehensive analysis suggests that the
higher prevalence of oral cavity cancer in younger patients hint at heterogeneous origins

beyond known genetic and other risk factors, warranting further exploration.
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Figure 13. HNSCC patients with young age and Oral squamous cell carcinoma.

(A) Somatic mutations of patients under 40 years of age. (B) Germline variants of patients under
40 years of age. (C) The number of patients according TP53 mutation status between young and
old patients. (D) The number of patients according smoking status between young and old patients.
(E) The number of patients according HPV infection status between young and old patients. (F)
The number of patients according microsatellite instability status (MSS versus MSI) between young
and old patients.
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IV. DISCUSSION
The genomic alteration of overall study included TP53, CDKN2A, PIK3CA, FATI,

and EGFR which are like previous studies *!*. We focused on the difference in genomic
landscape according to primary cancer sites and many somatic mutations including 7P53,
FATI, KMT2D, CASPS, and FBXW?7 were significantly enriched depending on the primary
sites. The pattern of copy number variations was notably different based on the primary site
of cancer and exhibited a more significant contrast. The primary factor in our cohort was
TP53 mutation status which was affected by HPV infection status. If a tumor has TP53
mutation, it is more likely to have copy number variants possibly due to genomic instability.
48,49

Smoking status was another determinant factor of copy number variants in our cohort.
In TCGA data, TP53 mutation, CDKN2A loss of function, and chromosome 3q
amplification were frequently co-occurring with heavy smoking patients °. Also, previous
report showed that cigarette smoking increased copy number alterations in non-small cell
lung cancer patients *°. In our data, the high proportion of non-smokers in lip or oral cavity
cancer may explain the low copy number variants. We thought that age factor reflected the
time from the occurrence of a key driver mutation, such as 7P53 mutation, to the
accumulation of copy number variants. Because there was a relatively high proportion of
young patients in the lip or oral cavity cancer group, they showed low copy number variants
compared to hypopharyngeal or laryngeal cancer patients. To determine the variables
influencing patient outcomes, survival data and molecular status were examined. We
discovered a connection between EGFR amplification and elevated expression that was
connected to worse patient survival. Remarkably, this link persisted even when only
patients with 7P53 mutations were taken into account, albeit precise evidence for this
discovery was not presented. The strong association between EGFR amplification and
expression suggests a potential link to the efficacy of cetuximab in recurrent or metastatic
HNSCC .

We have established a connection between the genomic landscape and the clinical
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outcomes of targeted therapy in umbrella trial. Our findings reveal numerous significant
elements, including previously unidentified abnormalities in key signaling networks and
specific mutations that are associated with a poor response to targeted therapy. Notably, we
discovered that mutations in the AKT-mTOR signaling pathway correlated with a favorable
prognosis in treatments targeting the PIK3CA gene. In contrast, NOTCHI mutations and
MYC amplifications were indicative of poor prognosis in PIK3CA-targeted therapies. This
is particularly interesting as mutations in the AKT/mTOR pathway have previously been

linked to improved survival with immune checkpoint inhibitors '

, suggesting these
mutations might influence anti-tumor immunity during treatment with PIK3CA inhibitors.
Conversely, NOTCHI and MYC mutations are known to confer resistance to PI3K
inhibitors 3>, Interestingly, CDKN2A mutations did not correlate with poor prognosis in
the multivariable Cox proportional hazard regression analysis of the entire TRIUMPH trial.
However, patients with CDKN2A SNV/indel mutations exhibited poor outcomes when
treated with CDK4/6 inhibitors. Our study highlights that not only the targeted mutations
but also those related to the targeted pathway, or even mutations outside the targeted

pathway, may influence patient survival. Hence, comprehensive mutation profiling,

extending beyond the target pathway, is essential for optimizing targeted therapy.

To determine the variables influencing patient outcomes, survival data and molecular
status were examined. We discovered a connection between EGFR amplification and
elevated expression that was connected to worse patient survival. Remarkably, this link
persisted even when only patients with 7P53 mutations were taken into account, albeit
precise evidence for this discovery was not presented. The strong association between
EGFR amplification and expression suggests a potential link to the efficacy of cetuximab
in recurrent or metastatic HNSCC ©.

We have established a connection between the genomic landscape and the clinical
outcomes of targeted therapy in umbrella trial. Our findings reveal numerous significant

elements, including previously unidentified abnormalities in key signaling networks and
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specific mutations that are associated with a poor response to targeted therapy. Notably, we
discovered that mutations in the AKT-mTOR signaling pathway correlated with a favorable
prognosis in treatments targeting the PIK3CA gene. In contrast, NOTCHI mutations and
MYC amplifications were indicative of poor prognosis in PIK3CA-targeted therapies. This
is particularly interesting as mutations in the AKT/mTOR pathway have previously been
linked to improved survival with immune checkpoint inhibitors’!, suggesting these
mutations might influence anti-tumor immunity during treatment with PIK3CA inhibitors.
Conversely, NOTCHI and MYC mutations are known to confer resistance to PI3K
inhibitors 3>, Interestingly, CDKN2A4 mutations did not correlate with poor prognosis in
the multivariable Cox proportional hazard regression analysis of the entire TRIUMPH trial.
However, patients with CDKN2A SNV/indel mutations exhibited poor outcomes when
treated with CDK4/6 inhibitors. Our study highlights that not only the targeted mutations
but also those related to the targeted pathway, or even mutations outside the targeted
pathway, may influence patient survival. Hence, comprehensive mutation profiling,
extending beyond the target pathway, is essential for optimizing targeted therapy.

HPV infection is key factor of pathogenesis of HNSCC. As the presence of the
TP53 mutation depends on the HPV infection status, the genomic profile of HNSCC is also
classified according to HPV infections status. Because HPV-positive HNSCC usually do
not have TP53 mutation, it is less heterogenous. Without 7P53 mutation, somatic mutation
of PIK3CA seems to have a more important role in pathogenesis in HPV-positive HNSCC.
All responders who were treated with immunotherapy without 7P53 mutation had a
somatic mutation of PIK3CA supporting this idea. In our cohort, HPV-positive HNSCC
showed higher expression of chemokine-related cytokine with upregulation of /FNG and
cytotoxic cytokine genes. We observed that HPV-positive HNSCC had a good prognosis in
patients treated with immunotherapy. In our study, we observed that 7P53 mutation had a
negative impact on the efficacy of immunotherapy, and one possible explanation for this
finding is the presence of CCNDI amplification. CCNDI amplification has been shown to

suppress T-cell activity and may contribute to reduced progression-free survival in patients
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undergoing immunotherapy >.

In our examination of germline variants, we did not discover any distinct patterns
or recurrent variants based on primary sites or within the subgroup of young patients.
However, the prevalence of 7P53 mutations remains high among young patients with oral
cavity cancer, suggesting that another factor may contribute to the development of this
disease. Interestingly, these young patients did not exhibit a high prevalence of HPV
infection, nor did they have a history of current or former smoking. Our analysis of a
selected TCGA dataset revealed heterogeneity in the underlying causes of oral cavity cancer.
Mutational signature analysis identified the presence of a DNA Mismatch Repair (MMR)
signature and a smoking signature; however, these signatures were not enriched in oral
cavity cancer patients. The diversity in the origin of oral cancer complicates our
understanding of the pathogenesis of oral cavity cancer, particularly in young patients.
Therefore, the quest for a more sophisticated methodology to elucidate the pathogenesis of
oral cavity cancer in young patients is needed.

There were several limitations in our study. First, we performed target gene
sequencing and expression data, and these may restrict our analysis. Especially, mutational
signature analysis can be affected by this restriction. Second, the time point at which the
results were obtained was at the initial, and cancer may have changed from the initial data.
Third, survival analysis should be affected by treatment, making the analysis more
complicated. The number of subgroups was relatively small, and some data do not reach
statistical significance.

In conclusion, our study conducted a large-scale genomic analysis of patients with
HNSCC. We identified several genetic traits that were associated with clinical features.
Despite the challenges posed by the heterogeneity of HNSCC, our findings have provided
valuable insights that can potentially guide the treatment of real-world patients based on

detailed genomic profiling.
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V. CONCLUSION

In conclusion, we performed large-scale genomic analysis of HNSCC patients.

We identified several genomic characteristics according to clinical features. Although

original clinical study had difficulty in analyzing results due to heterogeneity of HNSCC,

it was confirmed that our results were reflected in the treatment of actual patients through

detailed genomic decomposition.
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